Background: Grapevine Algerian latent virus (GALV) is a tombusvirus first isolated in 1989 from an Algerian grapevine (Vitis spp.) plant and more recently from water samples and commercial nipplefruit and statice plants. No further reports of natural GALV infections in grapevine have been published in the last two decades, and artificial inoculations of grapevine plants have not been reported. We developed and tested a synthetic GALV construct for the inoculation of Nicotiana benthamiana plants and different grapevine genotypes to investigate the ability of this virus to infect and spread systemically in different hosts.
Background
Grapevine Algerian latent virus (GALV) was first isolated in Italy in 1989 from an Algerian vine infected by Grapevine fanleaf virus (GFLV) [1] . GALV was considered a latent virus because the infected plant showed only GFLV-related symptoms, and there have been no further reports describing the detection of GALV in grapevine plants in the last 25 years. GALV has subsequently been isolated from waterways in western Sicily [2] , from ditches and streams in agricultural areas of Germany [3] , from water samples and different wild plants [4] , and also from rivers and Gypsophila paniculata [5] . GALV has also been isolated from Dutch samples of commercially-grown statice plants and the groundwater of a statice production glasshouse [5] , in Japan from commercially-cultivated nipplefruit [6] and Limonium sinuatum [7] , and in Korea from Limonium sinense [8] . The potential economic consequences of this virus in the grapevine industry are unknown because it has been detected only once in a mixed infection [1] but it caused severe stunting, chlorotic spots and mosaic symptoms in nipplefruit and statice plants [6, 7] . Several experimental hosts have been identified in plant families such as Solanaceae, Chenopodiaceae and Amaranthaceae [1] [2] [3] [5] [6] [7] .
GALV was assigned to the genus Tombusvirus in the family Tombusviridae based on its biological and physicochemical properties [1, 3] . The type member of this family is Tomato bushy stunt virus (TBSV), which has been studied in detail to characterize the molecular biology of the tombusviruses [9] . TBSV has been used to develop expression vectors [10, 11] and gene silencing approaches [12, 13] . The GALV genome is a positive single-stranded RNA~4730 nucleotides in length, comprising a 5′ untranslated region (UTR), at least five open reading frames (ORFs) [6, 14] and a 3′ UTR. The p33 and p92 ORFs encode the replicase proteins which generate two major subgenomic RNAs, one for the p40 coat protein (CP) and the other containing two nested ORFs for the production of the p24 movement protein (MP) and the p19 multifunctional protein, which also functions as a silencing suppressor [15] . GALV is assembled into 30-nm icosahedral particles which accumulate in the cytoplasm. Infection results in the formation of specific membrane-associated vesicles at the periphery of peroxisomes in Gomphrena globosa [1] . Furthermore, peripheral vesiculation of mitochondria and chloroplasts [1] and dark staining rod-like structures in the cytoplasm and in the stroma of mitochondria and chloroplasts [3] were observed in Chenopodium quinoa.
There have been no reports of Agrobacterium-mediated GALV infection and attempts to inoculate grapevine plants with natural isolates of the virus have thus far failed [1, 6] . We therefore constructed synthetic GALV vectors based on the available genome sequence of the GALV isolate from nipplefruit (GALV-Nf [6] ). These vectors were used to inoculate N. benthamiana and grapevine plants, which allowed us to investigate the ability of synthetic GALV-Nf constructs to replicate, spread systemically and assemble into normal virus particles. We characterized the resulting infections in detail, describing the development of symptoms and the cytopathological features of infection in both species.
Results

Variability of GALV isolates
We collected all available published GALV sequences by searching the NCBI Nucleotide Database, which yielded a single complete genome sequence derived from a nipplefruit isolate (GALV-Nf) plus seven further GALV coat protein mRNA sequences. A further complete genome sequence derived from a grapevine isolate [1] was also deposited recently, which hereafter we describe as GALV-Vv.2 to distinguish it from the GALV-Nf sequence.
The nucleotide and deduced amino acid sequences of the CP genes were aligned using ClustalW2 and a Percent Identity Matrix was produced in order to evaluate sequence similarities. The CP sequences from different isolates showed amino acid sequence identities ranging from 91.49 to 99.73% whereas the nucleotide sequence identities ranged from 84.03 to 99.73% ( Table 1) . The CP sequence lengths were also variable, comprising 376 amino acids in most cases but increasing to 378 and 381 residues for the Shunter River and GALV-Vv.1 isolates, respectively ( Figure 1 ). Based on these available CP amino acid sequences, a phylogenetic tree was constructed, showing the sequences clustered in three distinct groups with high bootstrap values ( Figure 2 ). The Water Doss, Lim 3 and GALV-Vv isolates clustered in group I. The Lim 4, Gyp 2, Limo-08 and GALV-Nf isolates clustered in group II. Finally, the Shunter River isolate was the sole representative of group III.
For completeness, the genomic sequences of the GALV-Vv [GenBank: KJ534082.1] and GALV-Nf [Gen-Bank: AY830918.1] isolates were compared, revealing an overall identity of 93.46%.
GALV epidemiological survey in a collection of grapevine samples
We analyzed 152 cDNAs from grapevine accessions of diverse provenance for the presence of GALV, including grapevine cultivars from commercial vineyards in the northern, central and southern regions of Italy and from germplasm collections of different grapevine genotypes from other countries such as Algeria, Germany, Portugal, Greece, Cyprus, Armenia, Slovakia, Romania and France (Additional file 1: Table S1 ). These samples comprised different American and Asiatic species commercially cultivated or used for breeding or rootstock production as well as a number of V. vinifera cultivars and accessions.
We screened the samples for the presence of GALV by RT-PCR, using a primer set designed to amplify a conserved portion of the GALV-Nf and GALV-Vv CP coding regions as well as the same CP fragment of most of the remaining GALV isolates, except Shunter River and 
Construction of full-length GALV-Nf cDNA clones
We developed and tested three different infectious GALV clones ( Figure 3A , B, C). First, two GALV-Nf partial sequences were synthesized and manipulated to produce the final T7-GALV-Nf vector ( Figure 3A ). This clone contains the full-length GALV-Nf sequence under the transcriptional control of the T7 promoter plus a SrfI site for vector linearization, which is required to produce the correct 3′ viral end by in vitro transcription [16, 17] . We added a multiple cloning site (MCS) downstream of the p24 coding region at the unique BstBI restriction site to create vector T7-MCS-GALV-Nf, which contains two new unique restriction sites (BglII and XhoI) thus allowing the further functionalization of this vector in future studies. Three different stop codons, one for each reading frame, were designed upstream the MCS to prevent the formation of aberrant viral proteins ( Figure 3B ). Finally, the pK7WG2-MCS.HRz.GALV-Nf binary vector was produced (using the SacI/AscI and AsiSI/XbaI restriction sites) placing the GALV-Nf sequence under the control of the CaMV 35S promoter and inserting the HRz ribozyme and nos terminator sequences immediately downstream of the viral 3′ UTR ( Figure 3C ). This vector can be delivered to plants by agroinfiltration and allows the production of GALV-Nf RNAs almost equivalent to the viral genome. In particular, by using the StuI-DraI ligation strategy described under Materials and Methods, a functional viral 5′ UTR sequence corresponding to the +1 transcriptional start site can be produced, lacking only two nucleotides from the original GALV-Nf genome sequence. The HRz ribozyme can produce the precise viral 3′ terminus by selfcleavage [11] .
Infectivity of GALV-Nf clones in N. benthamiana plants
The infectivity of GALV-Nf transcripts derived from the T7-GALV-Nf construct was investigated by rubinoculating approximately 20 N. benthamiana plants with different lots of infectious transcripts. Coalescing chlorotic spots appeared on the inoculated leaves 4 days post-inoculation (dpi) ( Figure 4A ) followed by the development of systemic veinlet chlorosis at 7 dpi, starting from the proximal part of the leaf ( Figure 4B ). GALV-Nf infection was confirmed in systemically infected leaves by DAS-ELISA (data not shown). However, only~30% of the plants were infected in each experiment. We developed the GALV-Nf binary vector described above to improve the efficiency of infection, and delivered the vector to N. benthamiana plants by leaf agroinfiltration. Upper non-infiltrated leaves displayed light mottling with some necrotic spots, and apical leaf necrosis at 12 dpi ( Figure 4C ). The efficiency of infection in agroinfiltrated plants was~90% in almost all experiments. Systemic spreading was confirmed in all symptomatic plants by RT-PCR analysis ( Figure 4D ) and by tissue-print immunoassays in the same plants ( Figure 5A , B). GALV-Nf particles were purified from systemically infected leaves of N. benthamiana plants rubbed with the T7-GALV-Nf transcripts ( Figure 5C ) or following agroinfiltration with the binary vector ( Figure 5D ). Immunosorbent electron microscopy (ISEM) revealed in both cases the presence of correctly-assembled 32-nm particles with the expected icosahedral morphology. 
Cytopathology of Agrobacterium-mediated GALV-Nf infection in N. benthamiana plants
In systemically-infected leaves, icosahedral virus particles were present in almost all tissues, in the cytoplasm and vacuoles but not in other organelles ( Figure 6 ). In some heavily-infected cells, large virus crystals occupied most of the cell lumen ( Figure 6A , C) together with aggregates of virions in membrane-bound enclaves ( Figure 6D ). The other major cytopathic features of infected cells included the presence of multivesicular bodies formed by stacked vesicles containing a fibrillar network ( Figure 6B ) and altered chloroplasts showing thylakoid disorganization and vesiculation ( Figure 6E ). Thylakoid disorganization was observed in almost all chloroplasts of the parenchymal mesophyll cells. In some of these chloroplasts, vesicles similar to those forming the multivesicular bodies were also visible, either singly or in small groups, and stacked on the thylakoid membranes ( Figure 6F ). The analysis of multiple sections through the multivesicular bodies did not reveal the origin of these structures. In cells from leaves at the late stage of infection, the chloroplast structure was completely disrupted ( Figure 6G ) and electrondense tubular structures were visible in the stroma. These structures were also present in some mitochondria ( Figure 6H ), although the morphology of the peroxisomes and mitochondria did not show significant changes in most of the infected cells.
Infectivity of GALV-Nf in grapevine plants
Plantlets representing different grapevine genotypes were inoculated with the binary vector by agroinfiltration. It is important to assess symptom development in completely virus-free plants, so we investigated the outcomes of infection in virus-free plants regenerated from somatic embryos representing the cultivars Brachetto, Syrah and Nebbiolo, to provide solid evidence that GALV-Nf can produce symptoms following artificial infection. Different symptoms were observed in emerging leaves 5 weeks after infiltration ( Figure 7A , B, C) and these symptoms were absent in the corresponding healthy plants ( Figure 7D , E, F). Regenerated Brachetto plants occasionally developed small chlorotic or necrotic spots along the veins ( Figure 7A ) whereas Syrah plants showed mild vein clearing or mottling ( Figure 7B ). No other developmental abnormalities were observed in either cultivar. In contrast, Nebbiolo plants showed malformations of the whole leaf lamina, chlorotic patches and dark green blistering on the leaves ( Figure 7C ) together with weak and stunted shoot growth ( Figure 7G ). These symptoms were not observed in healthy controls ( Figure 7H) .
Additional grapevine genotypes were tested for symptom development, i.e. V. vinifera cv. Sultana and cv. Corvina derived from certified mother-plants, and V. riparia cv. Gloire de Montpellier. In each case, plant growth was unaffected, shoots developed normally and the plants reached the same size and growing habits as uninfected controls. Mild systemic symptoms were visible only on emerging leaves about 5 weeks after infiltration ( Figure 7I , J, K), and these were absent in GALV-free plants of the same genotypes ( Figure 7L , M, N). We observed irregular chlorotic vein banding of the major leaf veins in V. riparia plants ( Figure 7I ), a slight upward curling of leaf margins in Sultana plants ( Figure 7J ) and light mottling in Corvina leaves ( Figure 7K ). These symptoms were consistent across all experiments, with an infection efficiency of~90%, suggesting that artificial GALV-Nf infection can lead to the development of different symptoms in different genotypes.
The systemic infection of grapevine plants by GALV-Nf was confirmed by RT-PCR analysis of apical leaves representing the six infected genotypes ( Figure 8A ) and by tissue-print immunoassay (Figure 8B , C) confirming that the virus can replicate and spread systemically in all the cultivars we tested.
Cytopathology of Agrobacterium-mediated GALV-Nf infection in grapevine
Ultrastructural analysis of systemically-infected leaves (mainly in the Syrah plants showing vein clearing and mottling) confirmed that the most severely affected cells were those adjacent to small veins, particularly in the spongy mesophyll ( Figure 9A ). These cells showed different stages of plasmolysis and membrane rupture, and the chloroplasts appeared swollen compared to matched, uninfected control leaves ( Figure 9B, E) . At the ultrastructural level, the altered chloroplasts showed evidence of thylakoid disorganization, although without vesiculation ( Figure 9C ), and numerous virus particles were spread throughout the surrounding cytoplasm ( Figure 9D ). The mitochondria were occasionally swollen, and almost devoid of cristae and stroma ( Figure 9C ). Cells around small veins sometimes showed incipient necrosis ( Figure 9F) , and contained dense cytoplasm in which it was still possible to distinguish virus-like particles ( Figure 9G ). The mitochondria of infected parenchyma cells in small veins were vacuolated and devoid of cristae ( Figure 9H ) and small vesicles were sometimes present in dilated cisternae derived from the endoplasmic reticulum ( Figure 9I ). However, multivesicular bodies like those observed in N. benthamiana were not observed in the infected grapevine cells. All the ultrastructural alterations described above were also present in the symptomatic leaves of Nebbiolo plants. The only ultrastructural feature associated with the peculiar symptoms observed in Nebbiolo plants was the significant reduction in chloroplast number in cells representing the light-green areas of the leaf (data not shown).
Discussion
GALV is detected occasionally in the environment
GALV is a tombusvirus that can cause severe symptoms in certain plants, including nipplefruit and statice [6, 7] , but it has been isolated only sporadically over the two decades since the discovery of the original grapevine isolate in 1986 [1] . It is most often found in environmental waters, a feature common to other water-borne plant viruses that can persist outside the host for a long time [18] . Natural GALV infections occur with a low incidence in most countries and the virus is not considered a threatening pathogen by the European and Mediterranean Plant Protection Organization (EPPO). Accordingly, our extensive survey of 152 grapevine plants from different locations showed no evidence of naturally-occurring GALV infection. GALV was also not detected in deep sequencing experiments carried out on leaves, petioles and phloem scrapes collected from grapevines showing symptoms of viral disease [19] [20] [21] [22] .
GALV coat protein sequences have diversified into three major clusters
The paucity of natural GALV samples means that few sequences have been deposited in public databases. When our experiments began there were only seven GALV coat protein sequences from different isolates in the NCBI Nucleotide Database [5] [6] [7] 23] , all identified based on biological features and serological reactions against an antibody produced against the original 1986 isolate [1] . There was only one full-length GALV genome sequence from a nipplefruit isolate [6] although the genome sequence of the original 1986 GALV isolate [1] was deposited during the course of our work [GenBank: KJ534082.1]. The sequences were highly conserved across isolates as anticipated, but as previously reported there were minor differences in the length of the CP open reading frame [5] . These minor differences do not prevent the original antiserum cross-reacting with all known isolates [1] [2] [3] [4] [5] [6] . We found that the CP sequences clustered into three major groups but these did not correlate with the geographic origin, with the exception of the Japanese isolates which tended to show particularly strong conservation.
A functional GALV genome can be created by synthetic biology
Viruses have been used to demonstrate the potential of synthetic biology because they have small genomes that can be synthesized de novo with great precision. The principle was demonstrated by synthesizing an artificial replicon based on Hepatitis C virus [24] and this was followed by the complete fabrication of poliovirus [25] and bacteriophage ϕX174 [26] . Plant viruses are particularly suitable for this approach because the majority possess small ssRNA(+) genomes that can be manipulated as cDNA and transcribed in vitro or in planta, and synthetic biology is therefore the ideal solution if no natural template is available, as is the case for GALV. Thus far, only Tobacco mosaic virus (TMV) has been synthesized de novo, although the initial synthetic genome was not infectious due to the presence of errors in the original sequence deposited in 1982 [27] . The authors aligned the original sequence with more recent strains and identified the changes required to synthesize an infectious clone [28] . Chimeric sequences were also tested to determine the regions of the viral genome responsible for pathogenicity and host range [28] . Improvements in DNA sequencing and synthesis now make such errors increasingly unlikely and reduce the need for the detailed genetic analysis of synthetic genomes [28] . We therefore used synthetic biology to produce infectious clones based on the GALV-Nf genome sequence and tested their ability to infect N. benthamiana and grapevine plants. 6) Brachetto, and on corresponding non-inoculated plants (7, 8, 9, 10, 11, 12) . w: water negative control. Tissue-print immunoassay on systemically-infected Corvina leaf (B) and on a GALV-free leaf (C). The agroinfiltration of N. benthamiana leaves with infectious cDNA clones is more efficient than rub-inoculation with infectious transcripts Initially we developed an infectious GALV-Nf cDNA clone for in vitro transcription, including a unique SrfI restriction site to define the 3′ end of the genome when the clone was linearized and thus generate the correct terminus. The construct also preserved the endogenous viral cis-acting elements that control replication. However, rub-inoculation with infectious transcripts only achieved an infection efficiency of~30%, probably due to RNA degradation or a low frequency of complete transcription. We therefore developed a binary vector based on the same sequence, which was delivered to N. benthamiana plants by agroinfiltration and achieved an infection efficiency of~90%. The improvement may have reflected a combination of the delivery method and the introduction of the HRz ribozyme sequence upstream the nos terminator, which has previously been shown to improve the infection efficiency of a TBSV vector and avoid the creation of a poly(A) tail in planta [11, 29] . The agroinoculation with GALV-Nf caused systemic infections with symptoms similar to those produced by the nipplefruit [6] and statice isolates [7] in N. benthamiana. Electron microscopy confirmed the assembly of viral particles identical to those derived from natural infections [1, 2, 6, 7, 30] .
The inoculation of grapevine plants with the GALV-Nf cDNA clone induces systemic infection
The inoculation of grapevine plants with GALV has never been reported [1, 6] . Having established that the GALV-Nf cDNA clone induces systemic infection in N. benthamiana plants, we tested the same construct on a variety of grapevine plants representing different species and cultivars, some of which were derived by somatic embryogenesis to avoid any potential interference from undetected viruses or viroids, thus ensuring that any symptoms are caused by GALV-Nf [31] [32] [33] . Where plants regenerated from somatic embryos were not available, we used V. vinifera rooted cuttings from certified mother plants that have been individually tested and indexed for the absence of all grapevine viruses indicated by current Italian legislation. GALV-Nf infection and spreading was demonstrated in all of the species and genotypes although the symptoms discussed below should be regarded as indicative and in need of further validation.
The different grapevine cultivars developed slightly different symptoms, which is consistent with previous reports showing that the severity of disease symptoms depends on plant species/cultivar, plant age, virus strain and the environment [34] . The infections produced mild symptoms in most cultivars, but Nebbiolo (derived by somatic embryogenesis) was exceptional, and the severity and peculiarity of the symptoms in these plants may make them useful as indicators for GALV infection [35] . We found that the GALV-Nf clone was able to infect, replicate and spread in all the different grapevine genotypes we tested and that the spreading was not limited to specific leaf tissues, as observed in other host plants [30] .
GALV-Nf causes specific cytopathological alterations in N. benthamiana and grapevine plants
The impact of GALV-Nf infection was investigated in more detail at the ultrastructural level by analyzing the symptomatic apical leaves of N. benthamiana and grapevine plants by electron microscopy. The ultrastructural alterations observed in infected N. benthamiana plants were similar to those induced by tombusviruses in other host plants [36] , including the formation of large membrane-bound clusters of virions occupying most of the cell lumen (often in the form of crystals), the extensive vesiculation of chloroplasts and the disorganization of thylakoids. Rod-like structures were present in the stroma of chloroplasts and mitochondria, as previously observed in C. quinoa cells infected with GALV [3] . We also observed the formation of multivesicular bodies typical of tombusvirus infections [37, 38] but we were unable to determine the origin of these structures.
Similar cytopathological features were observed in grapevine but the ultrastructural changes were less dramatic, with evidence of virion clusters and swollen, disorganized chloroplasts, but no evidence of vesiculation or the formation of multivesicular bodies.
Multivesicular bodies derived from peroxisomes have been observed in plant cells infected with most tombusviruses, except for Carnation Italian ringspot virus (CIRV) and Pelargonium necrotic spot virus (PelNSV) infections, where the multivesicular bodies originated from the mitochondria [39] . The peripheral vesicles of the multivesicular bodies are thought to be sites of tombusvirus replication [9, 40, 41] . In Tomato bushy stunt virus, Cymbidium ringspot virus and Cucumber necrosis virus, peroxisomal targeting sequences have been identified in the N-terminal region of the p33 replication protein, which is responsible for template RNA recruitment to the site of replication [42, 43] . Although the GALV-Nf and TBSV p33 sequence is highly conserved, we were unable to detect multivesicular bodies in our infected grapevine plants under the experimental conditions we used. However, the targeting of TBSV p33/p92 to the peroxisome membrane was not sufficient to induce multivesicular bodies when these proteins were expressed in transgenic tobacco plants [38] . Instead, their ectopic accumulation led to the vesiculation of the peroxisomal boundary membrane resulting in the formation of novel cytosolic vesicles that were not topologically equivalent to those formed during the biogenesis of classical peroxisomal multivesicular bodies [38] . The formation of multivesicular bodies may therefore depend on other features of the viral sequence, other viral proteins, and on their compatibility with specific host proteins [37, 39] . Recent investigations have highlighted the important contribution of host proteins that are recruited by the virus to allow the assembly of the viral replication complex, including the formation of virus-induced vesicles [44] [45] [46] . Our initial findings require further investigation to determine whether specific features of either the grapevine cells and/or of the infectious construct may be responsible for the unique cytopathology we observed.
Conclusions
We have produced a synthetic GALV-Nf cDNA clone and a corresponding binary vector which we used to induce the first artificial agroinfection of N. benthamiana and grapevine plants with GALV. Systemic GALV infections were characterized in terms of symptom development and ultrastructural changes in N. benthamiana and different grapevine genotypes revealing unique features of the infection in specific genotypes. We have shown that synthetic biology can be used to investigate the infectivity of viruses in plants even in cases where a source of the virus is unavailable. We will now be able to develop applications for this synthetic construct including recombinant protein expression and virus-induced gene silencing.
Methods
GALV sequence analysis
Eight GALV coat protein (CP) sequences from different isolates were sourced from the NCBI Nucleotide Database (http://www.ncbi.nlm.nih.gov/nuccore). The isolates were nipplefruit (GALV-Nf [GenBank: AAX76897.1]) [6] , grapevine (GALV-Vv.1 [GenBank: AF540885.1]) [23] , rivers (Shunter River [GenBank: AY500888.1] and Water Doss [GenBank: AY500878.1]) [5] , groundwater in a statice production glasshouse (Lim 4 [GenBank: AY500884.1]) [5] , statice (Lim 3 [GenBank: AY500883.1] [5] , Limo-08 [GenBank: AB461854.1] [7] ) and Gypsophila paniculata (Gyp 2 [GenBank: AY500880.1]) [5] . In addition, the complete GALV genome sequence from a nipplefruit isolate (GALV-Nf ) was retrieved and used to produce the synthetic infectious clone [GenBank: AY830918.1]. Most recently, a complete GALV genome sequence from a grapevine isolate was also sequenced and deposited in the database [GenBank: KJ534082.1], providing an additional CP sequence (GALV-Vv.2 [Gen-Bank: AHZ12757.1]).
Alignments and Percent Identity Matrices were obtained by ClustalW2 analysis (www.ebi.ac.uk/Tools/msa/ clustalw2/). A phylogenetic tree was constructed using MEGA v5.2 [47] by the neighbor-joining method and node values were estimated by bootstrap analysis using 2000 replications. ClustalW2 was also used for the comparison between the GALV-Nf and GALV-Vv.
Epidemiological GALV survey in a collection of grapevine samples
Vines growing in Italian commercial vineyards and germplasm collections (including grapevines from other countries) were surveyed for GALV. We tested 152 different cDNA samples by amplifying a 324-bp fragment of the GALV CP sequence. Primers 5′-GGG GAT GTG TTT GTC AGT TAC-3′ and 5′-GCT TGC CGG TAA TGA TGA TA-3′ were designed to allow the amplification of both GALV-Vv [GenBank: AHZ12757.1, AF540885.1] and GALV-Nf [GenBank: AAX76897.1]. The PCR products were analyzed by gel electrophoresis.
Construction of the full-length GALV-Nf cDNA clones
Two GALV fragments composing the GALV-Nf genome sequence [GenBank:AY830918.1] were synthesized de novo along with the T7 promoter (TAATACGACTCAC-TATAGG) and cloned in two pUC57 vectors by Genscript (Piscataway, USA). The first fragment, containing the T7 promoter and the 2192-bp 5′ genome fragment was released from the first vector by digestion with KpnI/BsrGI and inserted, using the same enzymes, into the second vector containing the terminal 2541-bp 3′ genome fragment and the SrfI linearization site. This yielded the T7-GALV-Nf vector ( Figure 3A) . A 26-bp polylinker was inserted downstream of the p24 coding region at the BstBI site for future vector functionalization ( Figure 3B ) to yield vector T7-MCS.GALV-Nf.
The intermediate vector was fitted with the Cauliflower mosaic virus (CaMV) 35S promoter sequence [GenBank: GQ463722.1, missing the last three nucleotides] upstream of the viral genome by blunt-end ligation following digestion with StuI and DraI, and the Hepatitis delta virus ribozyme (HRz [48] ) and the nopaline synthase (nos) terminator [GenBank: AF485783.1] downstream the viral 3′ UTR ( Figure 3C ). The CaMV 35S promoter was amplified using primers 5′-TTA ATT AAG GCG CGC CCC ATG GAG TCA AAG ATT CAA A-3′ and 5′-AAA GGC CTC TCC AAA TGA AAT AG-3′ and the nos terminator was amplified using primers 5′-GGA TCC GAT CGT TCA AAC ATT TGG CAA T-3′ and 5′-GCC CGG GCG CGA TCG CGA TCT AGT AAC ATA GAT GAC AC-3′. The HRz sequence was synthetized as oligonucleotides and annealed. The products were cloned in pGEM-T Easy (Promega, Madison, USA) and sequenced for verification then released and assembled into the T7-MCS.GALV-Nf by ligation. The GALV-Nf expression cassette (CaMV 35S promoter, GALV-Nf sequence, ribozyme and nos terminator) was then transferred, by digestion with AscI and AsiSI, into a pK7WG2 vector [49] [31] . All grapevine plants were micropropagated in vitro and grown in a growing chamber at 25°C with a 16-h photoperiod. Two weeks after agroinfiltration, the plants were transferred to a peat-sand mixture in pots, and grown at 21°C with a 16-h photoperiod.
In vitro transcription and agroinoculation
Freshly prepared in vitro transcripts of GALV-Nf were obtained from 1 μg of T7-GALV-Nf linearized with SrfI and transcribed using the MEGAscript® T7 Transcription Kit (Ambion, Austin, TX). Leaves of 5-week-old N. benthamiana plants were mechanically inoculated by gently scrubbing each leaf with 5-6 μg of infectious transcripts mixed with a small amount of celite (400 mesh). Two leaves from at least three plants were inoculated in each experiment, and all experiments were carried out five times.
For leaf agroinfiltration, A. tumefaciens EHA105 cells carrying the pK7WG2-MCS.HRz.GALV-Nf vector were grown for 2 days on solid Luria-Bertani (LB) medium supplemented with 300 μg/ml streptomycin, 100 μg/ml spectinomycin and 50 μg/ml rifampicin. A single colony was inoculated into a 50-ml liquid LB medium containing the appropriate antibiotics and grown overnight at 28°C with constant shaking. Cells were harvested by centrifugation at 6000 × g for 10 min at room temperature, resuspended in infiltration medium (10 mM MES pH 5.8, 10 mM MgCl 2 and 100 μM acetosyringone), adjusted to an OD 600 of 0.4 and left at room temperature for 3 h. Two fully-expanded N. benthamiana leaves were infiltrated using a needleless 5-ml syringe. For grapevine agroinfiltration, in vitro plants grown in glass tubes were immersed in the bacterial suspension and vacuum infiltrated (2× 2 min, 90 kPa). After agroinfiltration, plantlets were rinsed with sterile water and allowed to recover in vitro for 2 weeks before acclimation to ex vitro conditions. We used 6-8 plants per experiment, with five replicates.
Tissue-print western analysis and particle purification Leaves from infected or uninfected (control) plants were placed onto a nitrocellulose membrane, overlain with contact paper and blotted by applying a rolling pin. The membrane was air dried and incubated for 30 min with 1% periodic acid to block endogenous peroxidases [50, 51] . Serological GALV-Nf detection on the tissueprint was carried out using anti-GALV polyclonal antibodies (DSMZ, Braunschweig, Germany) diluted 1:5,000 and bound primary antibody was detected with a peroxidase-conjugated goat anti-rabbit secondary antibody A6154 (Sigma-Aldrich Corporation, St. Louis, MO, USA) diluted 1:15,000. The signal was developed with DAB Peroxidase substrate (Sigma FAST™ 3,3′-diaminobenzidine tetrahydrochloride with metal enhancer, Sigma-Aldrich Corporation, St. Louis, MO, USA) and images were captured under a Leica MZ16F stereomicroscope equipped with a Leica DFC420 C camera. GALV-Nf particles were purified from systemically-infected N. benthamiana as previously described for TBSV [29] .
RNA extraction and RT-PCR
Total RNA was extracted from systemically infected N. benthamiana leaves 12 days after infiltration using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA), and from the apical leaves of grapevine plants 5 weeks after infiltration using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich Corporation, St. Louis, MO, USA) according to the manufacturers' protocols. RNA was treated with TURBO DNA-free™ (Ambion, Austin, TX) to remove DNA contamination and first-strand cDNA was synthesized using 2 μg RNA, 200 ng random primers (Promega, Madison, USA) and SuperScript™ III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). To confirm GALV-Nf infection, a 265-bp fragment of the CP coding region was amplified with GoTaq® DNA Polymerase (Promega, Madison, USA) using primers 5′-GGG ATG TGT TTG TCA GTT AC-3′ and 5′-GGT AAG GGT AGT GGA GGA G-3′ followed by agarose gel electrophoresis.
Transmission electron microscopy of purified particles and GALV-Nf cytopathology GALV-Nf particles purified from N. benthamiana plants were analyzed by immunosorbent electron microscopy (ISEM) as described [52] . Briefly, carbon and celloidin coated 400 mesh copper grids were pre-incubated for 30 minutes with the anti-GALV polyclonal antibody (DSMZ, Braunschweig, Germany) diluted 1:1,000 and then washed five times with PBS (pH 7). Coated grids were incubated over a drop of GALV-Nf suspension for several minutes,
